ABSTRACT
INTRODUCTION
With the development of distributed generation technologies and the environmental requirements, more distributed energy resources (DERs) have been connected to distribution networks in recent decades. Further growth in this will most likely occur.
The performance of a microgrid is one of the concerns of the end-users connected in the microgrid. Considering the islanding operation characteristics of microgrids, the reliability can be improved by enabling islanding operation of microgrids. Some research work has shown that the improvement in reliability depends strongly on the reliability of islanding operation mode of microgrids [1] .
In this paper, we still give recommendations for quantifying the performance of microgrids with respect to frequency quality, voltage quality and reliability. This will include aspects like frequency variations, voltage variations, power quality phenomena and reliability. Based on existing standards for the performance of distribution networks, considering the islanding operation of microgrids, we will investigate the current performance indices and propose the suitable indices for microgrids to measure their performance.
MICROGRIDS
A microgrid is an autonomously controllable small-size grid including local loads, neighbouring multiple DERs and the connections between them. Microgrids usually have links with the public power distribution grids, but they are also able to operate independently if the link with power grid is disconnected or if the grid is not available for whatever reason. Microgrids can sell power to the public grid, as well as purchase power from the grid. The possible operational states of microgrids include interconnected operation and island operation, To guarantee the proper operation of a microgrid, the DERs in the microgrid must be able to satisfy the demand in the island operation states. After the switch or breaker is opened, the DERs should take over the control of voltage and frequency and supply the islanded loads. In the islanded operation states, the DERs must be able to satisfy both real power and reactive power requirements. When the microgrid is reconnected to the distribution system, the DER must generate until the microgrid is synchronized to the distribution system. Depending on the technologies of interconnection switches, an inrush current or an instantaneous interruption may occur to the microgrid in the moment of transferring between interconnecting operation states and islanding operation states [2] .
PERFORMANCE OF MICROGRIDS
The performance of a power system is immediately related to the aims of the power system. Any performance indicator is a measure of how the system fulfils its aims. It is important to distinguish between two levels of aims:
Primary aims of power systems are that what matters to the customers: transport of electrical energy with sufficient reliability and quality for acceptable costs. Secondary aims are needed by the network operator to reach the primary aims while not directly impact the customer. Examples are component loading, shortcircuit protection, current quality and operational security. This paper addresses the primary aims voltage quality and reliability. Transport of energy is covered by the reliability indices (for example "energy not supplied"). Economic indices, such as the use-of-system tariff, are not covered in this paper. No secondary aims are considered, as these do not directly impact the customers. Also the relations between primary and secondary aims may become completely different once island operation of microgrids is considered.
The starting point for obtaining the performance requirements proposed in this paper is that the performance of the microgrid should not be worse than the performance of the public grid during island operation. The latter is obtained from the European voltage characteristics standard EN 50160 [3] . Of course, it may be possible to obtain (much) better performance Prague, 8-11 June 2009 Paper 0607
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Paper No 0607 by using microgrids than the existing performance of the public grid. But even in those cases, appropriate performance indicators and objectives should be used.
The proposals in this paper should be used as a base for those, allowing a comparison between the microgrid and the public grid.
VARIATIONS IN FREQUENCY
The indices and limits for voltage characteristics are provided in the European standard EN50160 [3] . The frequency shall be measured over a 10-second interval. The standard gives different indices and limits for interconnected systems and for islanded systems. For interconnected systems, the frequency shall be between 49.5 and 50.5 Hz during 99.5% of the year, and always between 47 and 52 Hz. For islanded systems, the frequency shall be between 49 and 51 Hz during 95% of one week, and always between 42.5 and 57.5 Hz.
Based on the European standard for interconnected systems and islanded systems, the following indices are proposed for microgrids: For permanent island operation: 95% of the 10-second frequency values shall be between 49 and 51 Hz. For permanent island operation and temporary microgrid operation lasting more than 10 seconds: all the 10-second frequency values shall be between 42.5 and 57.5 Hz.
No indices are proposed for island operation lasting less than 10 seconds and for frequency variations at time scales less than 10 seconds.
VARIATIONS IN VOLTAGE MAGNITUDE
For quantifying the performance of the voltage control, a distinction is made between long-term voltage variations (10 minutes and longer), short-term voltage variations (less than 3 seconds), and medium-term voltage variations (3 seconds through 10 minutes).
Slow variations in voltage magnitude
The standard method for measurement of voltage variations is defined in IEC 61000-4-30 [4] . The voltage-characteristics as in EN50160 [3] apply to the connection point between the customer and the public supply. The voltage quality at the equipment terminals may be worse than at the connection point. This especially holds for the lowest voltage. Despite this we will use the EN 50160 limits as limits even at the equipment terminals.
For temporary island operation, the measurement period of one week is not suitable as microgrid operation will rarely last that long. For island operation up to 8 hours (5% of one week) only the 100-percent values would apply. For island operation less than 10 minutes the use of a 10-minute average would not be appropriate. It should be noted here that the EN 50160 standard is under revision at this moment. The next edition will most likely contain more strict requirements on slow variations in voltage magnitude. The discussion is however far from finished so that it was decided to use the existing version as a base. The below recommendations should be adjusted once a new edition of EN 50160 is available.
The following indices and objectives are proposed for microgrids during island operation:
For island operation lasting less than 10 minutes: the rms voltage taken over the duration of the island operation shall be between 85 and 110% of the declared voltage. For island operation lasting more than 10 minutes and for permanent island operation: all the 10-minute rms voltages shall be between 85 and 110% of the declared voltage. For permanent island operation, the 95-percentile range of the 10-minute rms values over one week shall be used as an index. The 95%-interval is to be taken symmetrical, i.e. 2.5% exceeds the upper limit and 2.5% exceeds the lower limit. The upper and lower limits of the interval shall not exceed 90% and 110% of declared voltage, respectively. The following indices and objectives are proposed for microgrids during island operation: For permanent island operation: 95% of the 2-hour flicker severity during one week shall not exceed 1.0 For temporary island operation lasting more than 2 hours: the highest 2-hour flicker severity over the duration of the microgrid operation shall not exceed 1.0. For island operation lasting between 10 minutes and 2 hours, the cubic average of the short-term flicker severity shall not exceed 1.0. For island operation lasting less than 10 minutes no flicker limits apply.
Fast variations in voltage magnitude

Medium-term voltage variations
The time range between the flicker range (3 seconds and less) and the 10-minute rms voltages is not covered by any standard. None of the 10-minute very-short variations during the island operation shall exceed 2.5 Volt.
95% of the 1-minute rms values during the island operation shall be between 86% and 114% of the declared voltage. 95% of the 3-second rms values during the island operation shall be between 85% and 115% of the declared voltage. For island operation lasting between 1 and 20 minutes:
All the 1-minute rms values during the island operation shall be between 86% and 114% of the declared voltage. 95% of the 3-second rms values during the island operation shall be between 85% and 115% of the declared voltage. For island operation lasting between 3 seconds and 1 minute:
All the 3-second rms values during the island operation shall be between 85% and 115% of the declared voltage.
OTHER POWER-QUALITY PHENOMENA
One of the aims of temporary island operation is to mitigate voltage dips and interruptions at the equipment terminals. It is thus obvious that performance indices for voltage dips should be defined for island operation of microgrids if the mitigation of dips is one of the aims of the microgrid.
No voltage-dip objectives are defined for permanent island operation, as there are no such objectives for the public supply. However the majority of voltage dips originate in the public grid, are often far away from the customer. Therefore voltage dips due to faults are not a concern for permanent island operation.
For temporary island operation we will propose two different requirements: a requirement for normal equipment based on the voltage-dip testing standard IEC 61000-4-11 [8] Paper No 0607 terminals and should be fulfilled for any dip or interruption in the public grid. For three-phase equipment the requirements should be fulfilled for any of the (three or six) voltages over the equipment terminals for any dip or interruption in the public grid.
RELIABILITY
Being the autonomously-controllable parts of distribution networks, microgrids are normally operated as gridconnected states. The reliability of the electricity supply to end-user in microgrids can be improved by allowing and enabling island operation of microgrids.
Depending on the applications, the durations of islanding operation of microgrids can be classified as: up to 8 hours, between 8 to 24 hours, and longer than 24 hours.
The commercial and industrial applications that need high reliability accept islanding operation of microgrids up to 8 hrs, and do not accept failures of microgrids during the islanding operation period. Storage devices need to be fully charged when an islanding operation state is initiated. The reliability is improved. The reliability index is the maximum duration of an islanding state that the microgrid can stand with sufficiently high probability. Probabilities of 90%, 95% and 99% are reasonable values for use as performance indicators.
For customers that can tolerate lower reliabilities, the islanding operation states can be between 8 and 24 hours. A limited number of short-term failures of microgrids during the islanding operation is tolerable. The reliability indices are: the number of outages of the microgrid during islanding operation state; and the durations of the outages of the microgrid during the islanding operation state.
For microgrids that operate independently more than 24 hours, the customers cannot rely on the storage devices being charged at the beginning of islanding operation state. The reliability index is the number of outages of the microgrid per day, which can be calculated independent of the public grid.
CONCLUSIONS
The paper proposes a number of indices and objectives to quantify the performance of microgrids during island operation. The proposals are based on the assumption that the performance of the microgrid shall not be worse than the performance of the public grid. The European voltage characteristics standard has been used as a base for the latter.
When the microgrid aims at improving the performance of the supply, compared with the minimum performance of the public grid, additional performance indices and/or objectives are needed. However, the ones proposed in this paper can still be used as a base. As the proposed indices are the same ones commonly used to quantify the performance of the public supply, a comparison is possible.
For voltage dips, where no requirements exist for the public grid, a number of requirements have been proposed. There are based on the IEC standard for voltage-dip immunity testing.
